Abstract. Benthic incubation chambers have been deployed in a variety of geochemical environments that provide a comprehensive geochemical framework from which to address issues related to Ba geochemistry and the use of Ba as a palcoproxy. First order budgets for barium show that in the equatorial Pacific, present rates of Ba rain and benthic remobilization are nearly in balance, indicating that the rate of net accumulation is negligible and is clearly much less than the average for the Holocene; thus any palcoproxy algorithms built on the assumption of steady state are questionable. In contrast, budgets for sediments in the southern California Borderland indicate much higher burial efficiencies, in the range of 50-80%. The Ba:alkalinity (Alk) flux ratio is found to be remarkably constant throughout the environments studied and is indistinguishable from the deep water ratio used for paleoceanographic reconstructions. However, the Ba:organic carbon remobilization ratio is not constant. Combined, these results do not indicate a simple, first-order direct link between Ba and alkalinity remobilization via organic carbon oxidation; however, the similarities in the Ba and alkalinity source functions conspire to maintain the Ba:Alk ratio near the global water column average. This latter observation provides promise for the use of the Ba:Ca ratio in benthic foraminifera as a paleocirculatio n tracer.
Introduction
The marine sediment record contains a potential wealth of information regarding climate change, upper ocean fertility, and ocean circulation through time. Interpreting that record, however, has not proven to be a straightforward task. One of the principal problems with deciphering the geological record is that much of the biogenic material arriving at the seafloor undergoes significant diagenesis, often recycling most of this material back to the overlying water column. To interpret the sedimentary record, it is necessary to identify paleoceanographic tracers that behave in a consistent or predictable fashion during diagenesis. Furthermore, the geochemistry of these tracers and their linkages to other geochemical cycles must be well understood for the modern ocean if we are to interpret tracer patterns for past oceans with confidence. This paper focuses on the geochemistry of one of the more promising paleoceanographic tools or "proxies": barium. Throughout this paper we will be referring to two different solid phases that contain barium: (1)marine barite (BaSO4) and ( Dymond et al. [1992] noted that Ba export from the upper ocean is closely correlated with the export of organic carbon (Corg). They further argued that because Ba has a higher burial efficiency than organic carbon, the Ba accumulation rate may be a proxy for palcoproductivity. Sediment records appear to reflect this coupling, as a correlation between the accumulation rate of marine barite and productivity in the equatorial Pacific has been observed [Goldberg and Arrhenius, 1958; Paytan et al., 1996] . This correlation indicates a potential for this element to serve as a tool for unraveling the history of upper ocean biological productivity. However this correlation is based on assuming that presentday productivity measurements can be related to accumulation rates averaged through the Holocene. In addition, it should be noted that in using total Ba as a proxy for carbon export, it is assumed that total Ba is a proxy for the biogenic Ba
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Copyright 1999 by the American Geophysical Union. , 1994] and this paper presents data that will allow us to test some of the assumptions inherent in using Ba as a paleoproxy. First, we will point out that the equatorial Pacific Ba budget does not balance and that these sediments are currently not accumulating Ba. Second, we will show data demonstrating that Ba preservation is higher in continental margin regions than at sites in the deep ocean. Third, we will show that the Ba:alkalinity benthic flux ratio is relatively constant through a wide range of geochemical conditions. However, we will also demonstrate that the relationship between Ba and Corg released during diagenesis is nonlinear, with a decreasing Ba:Corg ratio at higher carbon oxidation rates. This latter observation suggests that Ba and alkalinity are not linked via their mutual ties to organic carbon remineralization. Despite the promise of barium as an oceanographic tracer, the factors controlling its preservation and remobilization are still poorly understood. These controls will ultimately influence any interpretation of the paleoceanographic record, whether the paleo-chemical information is present as a trace component in microfossil shells or as a major sedimentary phase.
Procedure

Sample Collection
Elemental fluxes were measured using a free-vehicle benthic lander ( 
Results
Our study sites include diverse geochemical environments, from the near-shore upwelling regime of the California Current system to the • pelagic equatorial upwelling system. These sites encompass ranges in bottom water oxygen concentration, bottom depth, organic carbon respiration, and carbonate dissolution that all vary by more than an order of magnitude (Table 1) (Table 1) . Only one study site falls outside the sample standard deviation of all study sites: the San Clemente Basin (Stations CI and T95-9 in Table 1 ).
Although we include the San Clemente data in our discussion, it should be pointed out that these fluxes are about 3 -4 times greater than the rest of our data set. High fluxes were observed during two consecutive years; thus we have no reason to suspect that these samples were somehow compromised. The cause of the high fluxes is enigmatic. Locations are given in Table 1 . One implication of these findings is that paleoproductivity models calibrated with steady state sediment accumulation rates for the late Holocene and contemporary rates of surface water processes in this region must be considered suspect. In addition, although the Ba budget must achieve a balance in the long term, if the efficiency of burial is a function of the accumulation rate as suggested by Dyrnond et al. [1992] and th.e accumulation rate varies through time, the relation between Ba accumulation and rain rate will probably not be monotonic. This additional caveat would also make it difficult to extract paleocarbon export information from barium accumulation rates alone. rate for this region. By using the benthic flux data and the sedimentary Ba and AI concentrations with published sediment accumulation rates we can construct budgets for each of the regions where we have complete data sets (Table 2 ). This approach assumes that over the time scales of sediment accumulation at these sites, the Ba budget is at steady state. Also, we have assumed that the Ba associated with detrital (Table 2) increases, causing higher sediment accumulation rates, the Ba burial fraction might exhibit a similar increase. As noted earlier, sediment accumulation rate is probably not the dominant variable determining the Ba burial fraction, but it is likely that it plays an important role in limiting the time in which barite can easily communicate with bottom waters that contain lower Ba concentrations than pore waters. In the third group the relationship between Ba and alkalinity regeneration is similar to deep water relations (Figure 4b ), although the mechanism causing this similarity is unknown because much of the alkalinity flux from these anoxic sediments does not come from carbonate dissolution. This budget for Ba burial (Table 3) While we have noted that the Ba flux is relatively constant through a wide range of environments, the alkalinity flux is also relatively constant. However, the significant point with respect to this paper is that the contributions to the alkalinity budget change significantly through these different regions. In the equatorial Pacific, nearly all of the alkalinity is supplied via carbonate dissolution. In reducing sediments, 30-80% of the alkalinity flux is supplied by net nitrate or net sulfate reduction, rather than carbonate dissolution Table 1 the nearly factor of 10 variability in that ratio, and, in particular, note the lower Ba:Cox ratios at higher Cox values.
Discussion
Ba Cycling in the Equatorial
In summary, it seems likely that the rain of Ba is largely defined by upper ocean processes. In the Pacific most of the Ba rain appears to be remobilized. Similarly, most of the carbonate raining to the seafloor is dissolved. This similarity in regeneration patterns thus leads to the covariation between deep water Ba and alkalinity. Their remineralization ratio may be fixed in some (ill-defined) way by the ratio of barite export to carbon export. Ultimately, it is the latter that determines the benthic alkalinty flux. The deep water Ba:Alk ratio could change if the Ba:carbonate rain ratio changes, or if the burial efficiencies of either constituent changes substantially. However, the burial efficiencies may be less sensitive to change if the accumulation rate of carbonate in open ocean sediments is a major factor in regulating the burial efficiency of barium, a hypothesis which remains to be confirmed. A change in burial efficiency might also be required if the rivefine input of Ba was altered. Given the short residence time of barium (104 years), if Ba input changed and there was no change in factors governing the Ba rain, the burial efficiency would rapidly change. Despite the difficulties in elucidating a mechanism linking Ba and alkalinity regeneration, if the Ba:Alk ratio is somehow tied to the relative burial efficiencies of these components, then only large changes in the Ba or alkalinity burial terms will force a global-scale change in this ratio. More sophisticated modeling of the Ba-alkalinity system will be required to understand the sensitivity of the Ba:Alk ratio to changing environmental conditions. Such a modeling effort is beyond our current understanding of Ba geochemistry.
Conclusions
The application of any paleoproxy necessitates an understanding of the fundamental geochemistry of that proxy. This paper has focused on three fundamental assumptions regarding the use of barium as a paleoproxy: (1) the rain, regeneration, and accumulation rates are balanced, i.e., are at steady state, (2) Ba burial efficiency is uniquely related to sediment accumulation rate, and (3) the Ba to alkalinity remineralization flux ratio is constant. Our data indicate that the first two assumptions are not valid. Clearly, the equatorial Pacific sediments are not at steady state, and a site in San Clemente Basin does not appear to be in steady state. While it is propitious that the Ba:Alk regeneration ratio remains fairly constant through a variety of geochemical conditions, the apparent lack of a functional (linear) relationship between Ba and organic carbon implies that the Ba:alkalinity relationship is not tied in a simple fashion to their mutual coupling with Corg. Ultimately, any whole-ocean chemical change that alters the burial efficiency of either Ba or alkalinity could also result in a change in the Ba:Alk slope.
